Abstract Soils play a critical role in the global carbon cycle, yet the biophysical factors regulating soil CO 2 dynamics remain unclear. We combined high-frequency in situ observations of fine roots and ectomycorrhizal (EM) fungi with data from multiple soil sensor arrays to examine the biophysical interactions influencing soil CO 2 production for one year in a mixed conifer forest. Using structural equation modeling we constructed a hypothesized model to test for causal interactions among environmental factors, biotic factors, and soil CO 2 dynamics throughout the soil profile. According to our model, seasonal variation in CO 2 production was significantly influenced by EM rhizomorph production, soil temperature, and soil moisture. Fine root production, on the other hand, did not appear to significantly influence soil CO 2 production. The relationship between EM rhizomorph production and soil CO 2 production was also supported by a zero temporal lag between these two measurements in a cross-correlation analysis. In contrast, CO 2 production increased before fine root production suggesting that these two measurements were decoupled in time. Results from this study highlight the need to better understand differences in carbon allocation between plant roots and EM fungi to improve our predictions of soil carbon dynamics under global climate change.
Introduction
Soils are of particular importance in the global carbon cycle because they contain more carbon than live biomass (Eswaran et al. 1993) , and the efflux of CO 2 from the soil surface (R s ) represents a major flux of carbon into the atmosphere Schlesinger 1992, Schlesinger and . Previously, R s has been reported to represent 40-80% of total ecosystem respiration (Law et al. 1999 , Janssens et al. 2001 . It is therefore crucial to understand the biotic factors influencing R s as well as how these factors are affected by seasonal changes in environmental conditions in order to accurately estimate R s . However, understanding the interactions between environmental factors, biotic factors, and R s is complex and involves the product of numerous biophysical interactions (Stoyan et al. 2000 , Davidson et al. 2006 . In this study, we combined in situ observations of fine roots and ectomycorrhizal (EM) fungi with continuous data from multiple soil sensor arrays ) in order to examine the interactions between environmental factors, biotic factors, and CO 2 dynamics throughout the soil profile.
The importance of biotic factors for R s has frequently been divided between autotrophic respiration (generally referred to as root respiration) and heterotrophic respiration (respiration from decomposers). Roots are the primary belowground structural element of plants and have previously been reported as major factors influencing the autotrophic component of R s (Ewel et al. 1987 , Edwards 1991 , Bowden et al. 1993 , Boone et al. 1998 . Autotrophic respiration can account for as little as 10% or greater than 90% of total in situ R s depending on vegetation type and season of the year (Hanson et al. 2000) . However, autotrophic respiration is not limited to plant roots. Within hours, recently fixed carbon is transported to EM fungi (Söderström and Read 1987, Högberg et al. 2008) , the symbiotic associates of woody plants. Consequently, autotrophic respiration should be considered as a combination of both root respiration and EM fungal respiration. Difficulties in separating root respiration from fungal respiration have resulted in EM fungal respiration being included with root respiration, and only recently have researchers begun to separate and identify the importance of EM fungi for R s (Fahey et al. 2005 , Langley et al. 2005 , Heinemeyer et al. 2007 , Vargas and Allen 2008a . For example, Heinemeyer et al. (2007) used a mycorrhizal mesh collar design and found that EM hyphae contributed~25% to R s in a lodgepole pine forest.
Ectomycorrhizal fungi are the dominant mycorrhizal partners in boreal and north temperate forests, mediating the flux of nutrients and water from soils to their host plants in exchange for host carbohydrates (Read 1991) . The vast majority of nutrient-absorbing surface area for plants in these regions resides with EM fungi, and up to 20% of net primary production is estimated to flow through EM fungi to maintain this surface area (Treseder and Allen 2000) . The morphology of EM hyphae is often complex, ranging from individual hyphae to cords that form rhizomorphs and act like vessel elements in plants, transporting water for distances up to several meters (Duddridge et al. 1980) . In semi-arid mixed conifer forests, such as our research site, EM associations might be extremely important because EM rhizomorphs can extend several meters into the surrounding soil matrix in search for patches of nutrients and water otherwise unavailable to non-mycorrhizal plants . Although recent studies have shown the importance of fine roots and EM fungi for R s (Fahey et al. 2005 , Langley et al. 2005 , Heinemeyer et al. 2007 , Vargas and Allen 2008a , we still do not have a good mechanistic understanding of the biophysical interactions influencing CO 2 dynamics throughout the soil profile.
Recent developments in automated measurements of R s are generating increasing numbers of high temporalresolution observations (Savage and Davidson 2003 , Carbone and Vargas 2008 , which in turn present the opportunity to move towards a more predictive understanding of the key mechanisms influencing R s . Researchers are now able to continuously monitor CO 2 concentrations at multiple soil depths (Hirano et al. 2003) as well as calculate CO 2 production throughout the soil profile (Davidson and Trumbore 1995 , Risk et al. 2002 , Vargas and Allen 2008c . The understanding of changes in soil CO 2 concentrations is important for soil CO 2 dynamics because changes in CO 2 concentrations influence soil CO 2 production as well as R s (Simunek and Suarez 1993) . Along with continuous measurements of soil CO 2 , it is just as critical to incorporate frequent observations of fine root and EM fungal dynamics (Misson et al. 2006 , Vargas and Allen 2008a , Stewart and Frank 2008 . Fine root and EM rhizomorphs rapidly respond to climatic events (Heinemeyer et al. 2007, Vargas and Allen 2008a) , and as a result it is important to understand how their dynamics might influence CO 2 concentrations throughout the soil profile. Therefore, measurements of fine root and EM rhizomorph dynamics, soil CO 2 and environmental factors should be undertaken on similar temporal scales to better understand the biophysical interactions influencing soil CO 2 dynamics.
In this study, although we estimate R s , we focused on developing models to predict CO 2 production because it provides a more desirable indicator of the biological activity in the soil, whereas the efflux of CO 2 from the soil surface includes complex parameters describing the interface between soil and the atmosphere (Chen et al. 2005) . Furthermore, it is difficult to relate a specific depth of soil temperature when developing models to predict R s , but when developing models to predict soil CO 2 production we can use the temperature at the depth which soil CO 2 production was calculated using the gradient flux method (Simunek and Suarez 1993) . Here, we combined high frequency observations from minirhizotron images with data from an array of soil sensors to examine relationships between environmental factors (photosynthetically active radiation (PAR), soil temperature and moisture), biotic factors (production of fine roots and EM rhizomorphs), and soil CO 2 dynamics (CO 2 production and CO 2 concentrations) in a mixed conifer forest. By using minirhizotron cameras we were able to non-destructively observe in situ root and EM rhizomorph dynamics throughout the soil profile as described in previous studies (Hendrick and Pregitzer 1996 , Johnson et al. 2001 , Treseder et al. 2005 . Additionally, the field site has an array of environmental soil sensors collecting continuous data at multiple depths (see . Using structural equation modeling we constructed a hypothesized model to test causal relationships among environmental factors, biotic factors, and soil CO 2 dynamics without disturbing the environment (Ullman 2001) . Our objectives were: 1) to determine how seasonal changes in environmental factors affect fine root and EM rhizomorph production; and 2) to determine the relative importance of fine root and EM rhizomorph production on seasonal variation in soil CO 2 concentrations and CO 2 production throughout the soil profile. We hypothesized that the production of soil CO 2 is more tightly coupled to EM rhizomorph production than the production of fine roots. This hypothesis is supported by the fact that soil CO 2 dynamics and EM rhizomorph production are strongly influenced by rapid changes in soil temperature and moisture (Heinemeyer et al. 2007, Vargas and Allen 2008a) , whereas fine root production respond slower to changes in environmental conditions because of the greater carbon and nutrient costs associated with the production of fine roots (Smith and Read 1997) .
Materials and methods

Study site
The study was conducted at the University of California James San Jacinto Mountain Reserve, a Natural Reserve System field station of the University of California (www.jamesreserve.edu , Hamilton et al. 2007 ).
Image collection and analysis
In October 2003, we installed an array of six minirhizotron tubes, 5 cm in diameter and 1 m long, in a 40 m 2 area as described in Vargas and Allen (2008a) . We allowed roots and EM rhizomorphs to recolonize the soil surrounding the tubes for two years before images were collected. The images were collected using a minirhizotron microscope (BTC-10 and I-cap software, Bartz Technology) fitted to a laptop computer. Images from all tubes were collected in weekly campaigns between February 2006 and February 2007, with a total of 59 sampling dates or "minirhizotron sessions" at intervals that varied from one day to one month. On average we collected 52 vertical images per tube by inserting the minirhizotron until it reached the bottom of the tube and then moved the camera upward at increments of 1.3 cm. A total of 313 images were collected per day and stored as JPEG files. This high sampling frequency between "minirhizotron sessions" is critical for examining fine root and EM fungal dynamics (Stewart and Frank 2008, Vargas and Allen 2008a) .
Images from the minirhizotron camera provided good resolution to accurately identify fine roots, EM root tips (Majdi and Nylund 1996) and EM rhizomorphs (Treseder et al. 2005) . Ectomycorrhizal rhizomorphs were identified morphologically, as angular-branching, filamentous structures emanating from EM root tips. Additionally, most rhizomorphic fungi located in the mineral soil tend to be ectomycorrhizal, not saprobic (Dickie et al. 2002) , and molecular characterization of rhizomorphic fungi at our study site indicates that these fungi are known EM species (Glass and Allen, unpublished data). For each minirhizotron tube, fine root and EM rhizomorph production was determined for each day images were taken as the number of newly appearing roots and rhizomorphs, similar to how Majdi and Nylund (1996) classified "new" roots. We chose only fine root and EM rhizomorph production because these structures are likely to be metabolically active and therefore influence soil CO 2 concentrations and in turn soil CO 2 production. However, we are aware that persistent roots and EM rhizomorphs also contribute to CO 2 production through basal metabolism, and therefore our results may underestimate the importance of fine roots and EM rhizomorphs on soil CO 2 dynamics.
Micrometeorological data and soil CO 2
In November 2004, we deployed four soil sensor arrays within our 40 m 2 study area as described in . Each soil sensor array consisted of a suite of environmental sensors placed at three depths (2, 8, 16 cm) . At each depth we measured soil temperature, soil moisture (ECHO, Decagon Inc.) and CO 2 concentrations using solid-state CO 2 sensors (CARBOCAP model GMT 220, Vaisala, Finland). In addition, we measured photosynthetically active radiation (PAR) at a height of 2 m (S-LIA-M003, Onset Computer Corporation, Bourne, Massachusetts, USA). All environmental variables were recorded at five minute intervals.
The efflux of CO 2 from the soil surface was calculated using the CO 2 gradient flux method based on CO 2 concentrations within the soil profile (see Vargas and Allen 2008a) . Briefly, the flux of CO 2 between any two layers in the soil profile was calculated by Fick's law of diffusion. Diffusivity of CO 2 in the soil profile was calculated using the Moldrup model (Moldrup et al. 1999) . Assuming a constant rate of CO 2 production in the soil profile, R s can be calculated as:
where F i , and F i+1 are CO 2 effluxes (µmol/m 2 s) at depths z i and z i+1 (m), respectively (Baldocchi et al. 2006) . We estimated F i at two depth intervals, between 2 to 8 cm and 8 to 16 cm. Once F i has been calculated for discrete layers in the soil profile, soil CO 2 production was then calculated from the difference between the effluxes across the two depth intervals as a flux divergence (Simunek and Suarez 1993) :
where P i is soil CO 2 production (µmol/m 3 s) at depth i. Because CO 2 production was calculated from the difference in efflux between 2-8 cm and 8-16 cm, we defined CO 2 production at 8 cm depth. Calculating R s using the gradient flux method has been validated using the chamber method (LI-8100, Li-COR Biosciences, Inc., Lincoln, NE) at multiple temporal scales at our study site (Vargas and Allen 2008a, b) .
Statistical analysis
Root production, EM rhizomorph production, and environmental data were subjected to a nonparametric Mann-Whitney U test to determine significant differences (α<0.05) between the growing season (April-August) and the rest of the year. Aboveground CO 2 assimilation rates at our study site are significantly higher between April and August compared to the rest of the year (Goode and Allen, unpublished data). Furthermore, this time period of high carbon assimilation corresponds to when oaks in California are photosynthesizing (Ma et al. 2007 ). We therefore wanted to look at seasonal differences between the growing season (April-August) and the rest of the year.
Because of the time intervals between minirhizotron images, we are uncertain about the exact dates of root and rhizomorph production. We therefore examined different running averages in the environmental data to determine the best correlation between root and rhizomorph production and environmental data. Pearson correlation coefficients were calculated and compared to determine the best running average for the environmental data. Averages included (a) mean daily averages for the same date minirhizotron images were taken (T i ), (b) the mean daily average of T i and the day before the minirhizotron images were taken (T A1 =(T i +T i-1 /2)), (c) the mean daily average between T i and two days before the minirhizotron images were taken (T A2 =(T i +T i-1 + T i-2 /3)), and (d) the mean daily average between T i and three days before the minirhizotron images were taken (T A3 =(T i +T i-1 +T i-2 +T i-3 /4)). Statistical analyses were performed using JMP Version 3.2.2 (SAS Institute, Cary, North Carolina, USA).
Structural equation modeling (SEM) was used to test causal relationships among PAR, soil temperature, soil moisture, root and rhizomorph production on soil CO 2 concentrations or CO 2 production (Ullman 2001) . This statistical method can be seen as a multiple regression approach in which interactions and nonlinearities are taken into account into the model. Furthermore, one of the strengths of this method is the ability to include latent variables (unmeasured variables) which are estimated in the model from measured variables. We constructed a hypothetical model based on first principles where: a) variations in PAR, soil temperature and moisture directly influence variation in root and rhizomorph production; b) variations in PAR, soil temperature, soil moisture, and root and rhizomorph production directly influence variation in soil CO 2 dynamics; and c) variations in PAR, soil temperature and moisture indirectly influence soil CO 2 dynamics through their effect on root and rhizomorph production (Fig. 1) . When testing for causal relationships among environmental factors, biotic factors, and CO 2 concentrations at the different soil depths (2, 8, and 16 cm) we included the production of fine roots and EM rhizomorphs 2 cm above and below each sensor depth. For example, when investigating interaction at 16 cm depth we included fine root and EM rhizomorph production between 14 and 18 cm. In contrast, when investigating the causal interactions affecting CO 2 production we included fine root and EM rhizomorph production between 2 -16 cm depth because CO 2 production was calculated from the difference in effluxes between 2-8 cm and 8-16 cm. Because CO 2 production was defined at 8 cm depth we used soil temperature and moisture at 8 cm depth in our model investigating the causal interactions affecting soil CO 2 production. We used the AMOS 5.0 software package (Smallwaters Corporation, Chicago, Illinois., USA) to design the model, and to calculate path coefficients, squared multiple correlations, and overall model fit. To test for collinearity among predictor variables we used variance inflation factors and collinearity condition indices for each predictor variable against the remaining predictors (Petraitis et al. 1996) . Collinearity occurs when independent variables are highly correlated and may cause coefficient estimates to be less precise (but see O'Brien 2007). Finally, the χ 2 goodness-of-fit statistic was used to determine significant results (P<0.05).
When the χ 2 statistic did not show significant differences (P> 0.05) between observed and expected correlations matrices the model was considered to be a good fit.
Cross-correlation analyses were used to identify time-lag effects between EM rhizomorph or fine root production and soil CO 2 production using MATLAB R2007a (The MathWorks Inc., Natik, Massachusetts, USA). Cross-correlation analysis is a measure of similarity between two different measurements as a function of a time-lag applied to one of them (Nielsen and Wendroth 2003) . Therefore, by using this type of analysis we were able to investigate temporal relationships between changes in EM rhizomorph or fine root production and soil CO 2 production. We performed these analyses with daily mean values for each one of the measurement days (minirhizotron sessions) of the mentioned variables.
Results
From among all minirhizotron tubes, including all depths, we observed a total of 190 EM rhizomorphs and 58 fine roots produced during this study. When comparing among seasons, we found significantly Fig. 1 Path diagram demonstrating the hypothesized causal relationships among environmental factors (PAR, soil temperature and moisture), biotic factors (fine root and EM rhizomorph production), and soil CO 2 dynamics (CO 2 concentrations and CO 2 production). Each arrow signifies a hypothesized direct causal relationship in the direction of the arrow. Indirect effects occur if one variable is linked to another via an intermediate variable (e.g. soil moisture and soil temperature can have indirect effects on soil CO 2 dynamics through their interaction with fine roots and EM rhizomorphs) higher number of fine roots and EM rhizomorphs being produced during the growing season compared to the rest of the year (0.76±0.14 structures produced per tube compared to 0.14±0.10 structures produced per tube, mean±SE respectively; Fig. 2a ; χ 2 =19.01, P<0.001). Seasonal differences were especially evident in EM rhizomorph production, where the production of EM rhizomorphs was nearly seven times greater during the growing season compared to the rest of the year (1.23±0.27 rhizomorphs produced per tube compared to 0.18±0.20 rhizomorphs produced per tube, respectively; χ 2 =10.96, P<0.001). Root production was also significantly higher during the growing season compared to the rest of the year (0.29±0.07 roots produced per tube compared to 0.10±0.05 roots produced per tube, respectively; χ 2 = 10.96, P<0.01).
We also observed seasonal variation in environmental factors during the study (Fig. 2a, b (Fig. 2b) . We observed two peaks in soil temperature during the winter months; one in early January (8-11) and the other in early February 2007 (10-17) . Soil moisture at 8 cm was not significantly different between the growing season and the rest of the year (χ 2 =1.6, df =1, P=.21) and averaged 10.75%. On August 17, our field site experienced a significant monsoon rain event, which accounted for the observed pulse in soil moisture (Fig. 2b) . We also observed strong seasonal variation in soil CO 2 concentrations and CO 2 production (P i ) throughout the study (Fig. 3a, b) . Mean daily soil CO 2 production was roughly twice as great during the growing season compared to the rest of the year (17.6± 0.4µmol CO 2 /m 3 s and 9.1±0.3µmol CO 2 /m 3 s, respectively; χ 2 =195.0, df =1, P<0.001). Throughout the study, there were four notable peaks in CO 2 production. The first two peaks occurred during the growing season, and corresponded to rain events (Fig. 2b) and the two dates with the highest EM rhizomorph production (Fig. 2a) . The other two peaks in CO 2 production occurred in January and February 2007 (Fig. 3b) and corresponded to pulses of increased soil temperature (Fig. 2b) . R s ranged from 0.6µmol CO 2 /m 2 s to 5.8µmol CO 2 /m 2 s throughout the year, with significantly higher rates during the growing session compared to the rest of the year (3.1±0.1 µmol CO 2 /m 2 s and 1.4±0.1µmol CO 2 /m 2 s, respectively; χ 2 =231.8, df=1, P<0.001). There was a significant correlation between soil CO 2 production (P i ) at 8 cm depth and R s (r=0.90, P<0.01) suggesting a direct relationship between CO 2 production and R s .
When comparing correlation coefficients using different running averages in the environmental data, we found that the highest overall coefficients were from the running average of two days before minirhizotron images were taken (T A2 ). We therefore used this running average (T A2 ) for all environmental data in subsequent structural equation modeling (SEM) analysis. In contrast, the mean daily averages of environmental data corresponding to the same date minirhizotron images were taken (T i ) had the lowest overall correlation coefficients. Using SEM we tested for causal relationships between environmental factors and biotic factors on soil CO 2 concentration throughout the soil profile. At 2 cm depth, the observed and expected correlation matrices did not differ significantly (χ 2 =1.96; P= 0.16), indicating that the model was a good fit (Fig. 4a) . According to our model, we could account for 70% of the variation in soil CO 2 concentrations with direct positive effects from both soil temperature and soil moisture. At this depth, our model accounted for 22% of the variation in EM rhizomorph production with direct positive effects from both soil temperature and fine root production. In contrast, only 3% of the variation in fine root production was explained with no significant direct effect from the three environmental factors (Fig. 4a) . The biggest variance inflation factor (3.9) was well below the critical limit of 10 and the biggest condition index (11.9) was below the critical limit of 30 (Petraitis et al. 1996) .
At 8 cm depth, our model passed the goodness-of-fit test (χ 2 =2.96; P=0.09; Fig. 4b) , with variation inflation factors up to 4.6 and condition indices up to 13.7. At this depth, 81% of the variation in CO 2 concentrations was explained by the model with direct positive effects from EM rhizomorph production, soil moisture, and soil temperature. Our model also accounted for 45% of the variation in EM rhizomorph production with direct positive effects from both soil temperature and fine root production. In contrast, only 21% of the variation in fine root production was explained at this depth with a direct positive effect from PAR (Fig. 4b) .
At 16 cm depth, the observed and expected correlation matrices did not differ significantly (χ 2 = 2.85; P=0.09; Fig. 4c) , with variation inflation factors up to 4.2 and condition indices up to 13.5. According to our model, we could account for 76% of the variation in CO 2 concentration with direct positive effects from EM rhizomorph production, soil moisture, and soil temperature. At this depth, our model explained 28% of the variation in EM rhizomorph production with direct positive effects from both soil temperature and fine root production. In contrast, only 6% of the variation in fine root production was explained at this depth with no significant direct effects from the environmental factors (Fig. 4c) .
We used the same hypothesized model and tested for causal relationships between environmental factors and biotic factors on soil CO 2 production. The observed and expected correlation matrices did not differ significantly (χ 2 =2.21; P=0.14), indicating that the model was a good fit (Fig. 4d) . According to our model, 61% of the variation in soil CO 2 production could be explained by direct positive effects from EM rhizomorph production, soil temperature, and soil moisture (Fig. 4d) . In addition to directly affecting CO 2 production, soil temperature also indirectly affected CO 2 production through its interaction on EM rhizomorph production. Fine root production did not significantly affect soil CO 2 production. The biggest variance inflation factor (4.2) was well below the critical limit of 10 and the biggest condition index (13.2) was well below the critical limit of 30 (Petraitis et al. 1996) .
To test for similarity between EM rhizomorph or fine root production and soil CO 2 production we used cross-correlation analyses. We found that EM rhizomorph production had a significant (P <0.05) crosscorrelation coefficient with soil CO 2 production of nearly 0.5 with a time-lag of zero (Fig. 5) . Fine root production, on the other hand, had a significant (P < 0.05) cross-correlation coefficient with soil CO 2 production of nearly 0.3 with a time-lag larger than zero (Fig. 5) . These results indicate that soil CO 2 production increased before fine root production, whereas the correlation between EM rhizomorph production and soil CO 2 production was maximized with a zero-lag, suggesting a closer relationship between EM rhizomorph production and soil CO 2 production, which is consistent with our SEM results (Fig. 4d) .
Discussion
In this study we used soil sensing technology to nondestructively examine the biophysical interactions influencing seasonal soil CO 2 dynamics in a mixed conifer forest. During the study there was considerable variation in both soil CO 2 production (P i ) and R s (Fig. 3b) , with significantly higher rates during the growing season compared to the rest of the year. Previous studies have also reported seasonal patterns in R s and attributed increased rates of R s in spring to seasonal variation in photosynthesis and increased rates of autotrophic (root) respiration (Raich and Tufekciogul 2000 , Janssens et al. 2001 , Baldocchi et al. 2006 . However, in this study increased rates of soil CO 2 production (P i ) at 8 cm depth during the growing season correlated with periods of high EM rhizomorph production, whereas fine root production did not appear to significantly affect soil CO 2 production. When comparing the total effects of EM rhizomorph production, soil temperature and soil moisture on soil CO 2 production we found that EM rhizomorph production accounted for~15% of the variation in CO 2 production in our model (Fig. 4d) , which is consistent with a recent study by Fahey et al. (2005) where the authors used an indirect mass balance approach and estimated that mycorrhizal fungi accounted for~12% of R s in a hardwood forest.
The allocation of carbon between fine roots and mycorrhizal fungi is often dependent on environmental conditions. In semi-arid environments such as our research site, water is often limiting for plant growth Fig. 5 Cross-correlation analyses between daily means of soil CO 2 production with daily means of production of fine roots (open circles) and production of EM rhizomorphs (black circles). The x-axis represents the lags in minirhizotron days (see Methods section for details) with a total of 59 days during the studied period. A positive lag means CO 2 production values peaked before fine roots or EM rhizomorphs production. Dashed line represents the 95% probability threshold of significant cross-correlations and therefore carbon investment in mycorrhizal fungi may be favored because of their ability to access water and nutrients from the smaller micropores in the soil that are otherwise inaccessible to plant roots . Throughout this study we observed three times more EM rhizomorphs than roots (Fig. 2a) , indicating a substantial carbon investment in EM fungi. Investment in EM fungi was especially pronounced in May, shortly after the leafing out of oaks, as well as in August when temperatures were at their highest and at the same time our study site experienced a significant rain event (Fig. 2) . Previously, Vargas and Allen (2008b) reported a seasonal hysteresis effect for R s at this study site, with higher rates during the growing season when temperatures were increasing and soil moisture was high. They hypothesized that one plausible explanation for the seasonal hysteresis effect may be due to differences in the relative contributions of growth respiration and maintenance respiration in the autotrophic contribution of R s . Results from our study showed significantly higher rates of EM rhizomorph production during the growing season as well as a positive correlation between soil temperature and EM rhizomorph production. Therefore, respiration associated with EM rhizomorph production may, in part, help explain the seasonal hysteresis effect previous observed by Vargas and Allen (2008b) . Overall, our model explained between 70% and 81% of the variation in CO 2 concentrations throughout the soil profile (Fig. 4) . At both 8 cm and 16 cm depth, variation in CO 2 concentrations was significantly influenced by EM rhizomorph production, soil moisture, and soil temperature. In contrast, variation in CO 2 concentrations at 2 cm depth was significantly influenced by only soil moisture and soil temperature (Fig. 4a) . The lack of correlation between biotic factors and CO 2 concentrations at 2 cm depth may be the result of other physical parameters near the soil surface, such as changes in wind patterns and CO 2 diffusivity as well as unmeasured biotic factors, such as the activity of fine hyphae and bacteria that influence soil CO 2 concentration. In this study, we restricted our definition of biotic factors to the production of fine roots and EM rhizomorphs because these structures can be easily observed using the Bartz minirhizotron camera. However, much of the biomass in the upper layer of the soil profile is composed of decomposers (Glass and Allen, unpublished data) that contribute to the heterotrophic respiration component of R s . A large contribution from heterotrophic respiration may therefore be responsible for the lack of correlation between biotic factors and CO 2 concentrations at 2 cm depth. Further studies combining automated measurements of soil CO 2 production, fine roots, EM rhizomorphs, and destructive microbial measurements are needed to better tease apart the relative contributions from the different components of R s at this depth.
Throughout the study, we observed four peaks in soil CO 2 production (Fig. 3b) . The first two peaks occurred during the growing season and corresponded to dates with the highest EM rhizomorph production, suggesting a rapid response of EM fungi to pulse rain events. This supports earlier findings by Pigott (1982) that certain EM fungi can withstand desiccation in an inactive state, making them ready to respond quickly to rewetting events. Additionally, EM rhizomorphs can be maintained through dry periods by hydraulicallyredistributed water (Querejeta et al. 2003 (Querejeta et al. , 2007 (Querejeta et al. , 2009 , in which EM fungi associated with hosts performing hydraulic lift receive water from their host tree, and transfer this water to mycelium and rhizomorphs. These results also have implications for our understanding of pulses in soil CO 2 production as well as R s . These pulses have been identified as a burst of decomposition of organic compounds and release of inorganic nitrogen by the rewetting of soils that have been dry for a long period and has been termed the "Birch effect" (Jarvis et al. 2007 ). This effect is primarily controlled by heterotrophic activity, but our results suggest that autotrophic respiration may also contribute to the "Birch effect" via the rapid production of EM rhizomorphs during these rewetting events. More research is needed to elucidate the potential role of rapid EM rhizomorph production and their contribution to R s during rain pulse events.
The other two peaks in CO 2 production occurred in January and February of 2007 (Fig. 3b) , corresponding to times with very little fine root and EM rhizomorph production. Both peaks in 2007 correspond to times of relatively high soil moisture combined with pulses of increased soil temperature. One plausible explanation for these peaks may be due to quick response of heterotrophic respiration to sudden increases in soil temperature under no water limitation, which is consistent with the well recog-nized exponential relationship between heterotrophic respiration and temperature (Hanson et al. 2000) .
The relative importance of fine roots and EM fungi on soil CO 2 dynamics may be underestimated in this study because we only considered respiration costs associated with the production of new roots and rhizomorphs. Soil CO 2 production is also a function of basal metabolism, in addition to the respiration costs of new roots and rhizomorphs. According to our model, fine root production did not significantly affect soil CO 2 production, but that does not imply that plant roots do not contribute to soil CO 2 production. Instead, the lack of measurable change in root production may indicate that roots are investing in basal metabolism in order to maintain active roots. On the other hand, the smaller biomass and shorter lifespan of EM rhizomorphs could mean that there is minimal basal metabolism without production. Therefore, the production of soil CO 2 could be tightly coupled to EM rhizomorph production, but not necessarily coupled to the production of new roots. This difference between basal metabolism and respiration costs associated with production of fine roots and EM rhizomorphs may, in part, help explain the discrepancies between our results and previous results at our study site. Previously, Vargas and Allen (2008a, b) used fine root and EM rhizomorph lengths, which takes into account the respiration costs associated with maintaining functional roots and rhizomorphs (i.e. basal metabolism), and found a positive correlation between fine roots and R s . Further research is needed to differentiate the respiration costs associated with fine root and EM rhizomorph production versus basal metabolic activity of these structures in regulating soil CO 2 dynamics.
The unique aspect of this study was combining high frequency observations of fine root and EM rhizomorph production with data from an array of soil sensors to non-destructively examine the biophysical interactions influencing soil CO 2 dynamics. Based on in situ observations, our results showed that increased rates of soil CO 2 production were correlated with increased rates of EM rhizomorph production, but not necessarily correlated with fine root production. The difference in carbon allocation between plant roots and EM fungi may have significant consequences to our predictions of soil carbon balance under global climate change. For example, plants are likely to become more nutrientand water-limited under elevated atmospheric CO 2 conditions, rather than carbon-limited, and as a result more carbon may be allocated to EM fungi (Allen et al. 2005) . Ectomycorrhizal fungi have shorter lifespans than plant roots, and as a result EM fungi may represent what Heinemeyer et al. (2007) described as a CO 2 "overflow tap." In this scenario, surplus carbon invested in EM fungi is quickly returned to the atmosphere, thereby limiting expected carbon sequestration under elevated CO 2 conditions. Our results support a number of recent studies (Fitter et al. 2000 , Treseder and Allen 2000 , Alberton et al. 2005 calling for more understanding of the role of mycorrhizal fungi in carbon cycling, and highlight the need to better understand the complex interactions between environmental factors, mycorrhizal fungi, and their contribution to the global carbon cycle ).
